Introgressive hybridization, as evidenced by topological incongruence between nuclear and 23 mitochondrial phylogenies, has been broadly recorded in a range of organisms. However, mtDNA 24 recombination following hybridization is rarely found in animals and was never until now reported in 25 reef-building corals. Here we report unexpected topological incongruence among mitochondrial markers 26 in the phylogenetic analysis of Stylophora species distributed along broad geographic ranges, including 27 the full latitudinal (2000 km) and environmental gradient (21°C-33°C) of the Red Sea. The analysis of 28
INTRODUCTION 45 46
Studies of mitochondrial genomes have been of broad relevance for understanding the ecological and evolutionary processes leading to the diversification of organisms (Ballard and Rand, 2005; Chinnery 48 and Hudson, 2013; Kivisild, 2015; Wolff et al., 2016) , due particularly to key characteristics such as: 49 maternal inheritance (in most organisms); high mutation rates in triploblastic metazoans (but not in 50 cnidarians and poriferans; cf. Shearer et al. 2002) ; and lack of recombination (Barr et al., 2005) . 51
However, the latter assumption has been challenged by the increasing evidence of mtDNA 52 recombination in animals (Barr et 2016a, 2016b, 2013). In fact, it has been postulated that corals entered the region during the Miocene -a 87 period characterized by hyper-saline conditions and strong climate change -and after several episodes 88 of post-Miocene migrations (Taviani, 1998 (Boni et al., 2006) . 296
297
The default settings were used for most methods, except for window sizes, step sizes and tree building 298 methods. Window size was selected to include at least 10 variable nucleotide positions within every 299 window examined. In RPD, SISCAN, and BOOTSCAN methods windows size were set at 100; in 300 CHIMAERA and MAXCHI at 200. Alternatively, the MAXCHI and CHIMAERA methods were set to 301 run with variable windows sizes, to allow the program to adjust the window size depending on degrees 302 of parental sequence divergence as recommended by the author. Only recombination events detected 303 with P<0.05, after Bonferroni correction were recorded. 304
305
The boundaries of the breakpoints were double checked by comparing the agreement of the boundaries 306 between methods. The major parent and the minor parent hypothesized by the program, were contrasted 307 against evidence from our phylogenetic and phylogeographic analyses. Furthermore, given that the 308 parental ascription of the recombinant sequence may be difficult among closely related sequences, we 309 refined the hypothesis by comparing the hypothesized distribution range of the major Stylophora clades 310 (Keshavmurthy et al., 2013) and the supporting data from previous studies in hybrids species in the 311 region and outside the Red Sea (DiBattista et al., 2015). It is important to note that the identified major 312 and minor parents are not the "real" parental sequences, but sequences that are closely related to likely 313 ancestral sequences, also that the recombinant region is related to the "minor" parent and the "non-314 recombinant" region related to the "major" parent (Martin et al., 2015) . of Aden (N=20), Pacific regions (N=60) and Madagascar (N=28). In addition, we produced a second 340 dataset for four other mitochondrial fragments, from CR (N=401), cox1 (N=147), 12S (N=72) and 16S 341 (N=61) and four nuclear fragments, from hsp70 (N=738), ITS1 (N=75), ITS2 (N=56) and PMCA 342 (N=86) genes. This data set includes sequences from other studies (see material and methods section 2). 343 344 While the atp6-mtORF locus (N=827; 884-943 bp) displayed a high level of polymorphism in 345
Stylophora samples, the two cox1 fragments (303-545 bp) were found monomorphic when comparing 346 sequences across all Red Sea specimens. Pairwise comparisons among all individuals uncovered 347 multiple synonymous and non-synonymous substitutions at the 5' end and 3' end of the mtORF gene, 348 but noticeably, the core region was composed mainly by duplicated tandem repeats, which were of variable lengths and dissimilar among Stylophora specimens from the Red Sea (in terms of nucleotide 350 composition and length of the repeat; data not shown). The CR (N=401; 757 bp) was the most variable 351 of the non-coding markers, with polymorphism mainly caused by variation in the number of tandem 352 repeats, some of them being specific to Stylophora specimens inhabiting different geographic areas. 353
Polymorphic sites, indels and parsimony informative sites for mitochondrial and nuclear genes are 354 recorded in Supplementary Table S3 . pistillata) were mainly associated with type A1 (40 out of 54 colonies) and the presence of C160 type, 411 or of this type in combination with A1 (A1-C160) were not detected. In southern regions, few colonies 412 exhibited the C1* type, which was not present in northern colonies and was always found in association 413 of type A1 (i.e. A1-C1*; N=10). Other C types or associations A1-C types were found in very low Median-joining networks were constructed for the markers for which we had the largest number of 427 sequences: atp6-mtORF (N=827), CR (N=401) and hsp70 (N=738). Each network indicates a clear 428 phylogeographic signal (i.e., there was a visible association between genetic variation and geographic 429 location). The north-south genetic differentiation was more pronounced for RS_LinB than for RS_LinA, 430 a pattern supported by all three loci ( Figure 5 ). Haplotype frequencies along the gradient were somehow 431 different among lineages. In RS_LinB the highest frequencies of the most common haplotypes were 432 found either in northern or southern areas, while haplotype frequencies in RS_LinA showed a clinal 433 variation (Supplementary Figure S2) . For the hsp70, haplotypes showed different frequencies along the 434 gradient when evaluated per mtDNA lineage (Supplementary Figure S2c) and the pattern was similar to 435 that shown by the atp6-mtORF locus. 436 The results from our study show support for the hypothesis that mtDNA introgressive hybridization is 461 the most likely cause of topological mito-mito incongruence in Stylophora. Our recombination analyses, 462 using the full mitogenomes of pocilloporid corals (Madracis, Pocillopora, Seriatopora and Stylophora, 463 including the two Red Sea lineages), provides evidence of mtDNA introgression in this group -464 particularly in Stylophora-strongly suggesting the existence of a hybrid lineage (RS_LinA) in the Red 465 Sea, Gulf of Aden and Arabian Gulf. The mitogenome of this lineage contains introgressed genes from 466 two divergent mitochondrial lineages: on mtDNA genes found in the recombinant region (i.e. covering 467 the complete nd6, atp6 and mtORF genes), which have been inherited from a parental species included 468 in a lineage distributed in the Indo-Pacific/Indian Ocean region, while all other mtDNA genes can be 469 traced back to the ancestor of the RS_LinB. In the Red Sea, the RS_LinA is found in sympatric 470 association with the descendants of its local parental species (RS_LinB), and they harbour different 471 phylogeographic patterns and different Symbiodinium composition. In addition, we found that 472 morphospecies placed within the RS_LinB agreed with phylogenetic subclades, which accounts for the 473 presence of two divergent allopatric populations divided in northern and southern areas, consistent with 474 environmental and oceanographic discontinuities, a trend that was completely absent in the hybrid 475 (Figure 2 ). These lineages were also supported by the family 491 phylogenies of the atp6 and nd6 genes (Figure 3a) . Noticeably, these phylogenies showed topological 492 incongruence with those of the CR/12S loci (Figures 2b, 2c) . Furthermore, the four nuclear genes used 493 in these analyses did not support the existence of RS_LinA and RS_LinB lineages ( Supplementary Figure  494   S1 ). The only nuclear gene that showed a similar phylogenetic pattern of that shown by the CR and 12S 495 genes, was the ITS2, which likely imply that the ITS2, subject to concerted evolution, tells a similar 496 evolutionary history to that of mitochondrial genes. Gompert et al., 2008) . The latter is often considered to be rampant in corals, with reticulate evolution 504 having been proposed as one of the main processes that contributed, in great extent, to their successful 505 adaptation after the geographical range expansions induced by several catastrophic events, such as the 506
Cretaceous mass extinctions and the glacial events of the Plio-Pleistocene (Veron, 1995) . Our finding of 507 incongruity in the phylogenetic patterns among mitochondrial genes versus nuclear genes in Stylophora, 508 are therefore consistent with multiples studies in reef building corals. 509
510
In addition, to our knowledge, the degree of incongruence in mtDNA genes found in our analyses has 511 not being identified in others coral genera so far. In Stylophora, incongruence between the mtORF and 512 the 
mtDNA recombination explains topological incongruence 535 536
Our recombination analyses hypothesized the RS_LinA as a recombinant sequence with high 537 probabilities in all methods (P-values ranging between 4.0 x 10 -03 and 2.96 x 10 -29 ) with the major 538 parent being the sequence from RS_LinB, and only the minor parent the sequences from S. pistillata 539 from Taiwan. For RS_LinA the recombinant region -inherited from the minor parent -spans the full nd6, 540 atp6 and mtORF ( Supplementary Figure S3) , which explain that trees constructed with these genes 541 showed a common ancestry between the RS_LinA and the Indo-Pacific/Indian ocean/Madagascar 542 lineages, while the same trees show a strong diversification between these two lineages and the RS_LinB 543 ( Figure 2 and Figure 3) . Moreover, the RS_LinA, inherited most of its mtDNA genes from the ancestor 544 of RS_LinB. Therefore, it is expected that other mtDNA genes display a closest relationship between the 545
RS_LinA and the RS_LinB, as shown in our phylogenies for the CR and 12S genes and in the 546 mitogenome phylogenies excluding the recombinant region (Figure3b). Consequently, our data strongly 547 supports mtDNA introgressive hybridization followed by recombination as the main cause of mito-mito 548 topological incongruence in Stylophora. 549
550
We interpret these results as a strong evidence that RS_LinA likely arose from a hybridization event 551 between two ancestral Stylophora lineages. The introgression pattern follow that recorded in species of 552 hybrid zones, in which hybrids usually display an unequal mix of two mtDNA genetic backgrounds, 553 with most mitochondrial genes or genetic polymorphism passed from the genetic pool of the local 554 species to the genome of the "invader" species (asymmetric patterns of introgression; Harrison and 555 Larson, 2014). 556 557
Interspecific phylogenies and comparative phylogeographic analyses 558 559
As our study focuses at the population level -based on the three most variable genes used here: the 560 hsp70, the CR and the mtORF -markedly different phylogeographic patterns arises for RS_LinA and for 561
RS_LinB along the latitudinal and environmental gradient in the Red Sea ( Figure 5 ). These patterns 562
show a strong structure for RS_LinB, in which the groups supported by the phylogenetic analyses 563 ( Figure 4 ) have restricted distribution either in the northern Red Sea or in the southern Red Sea, with the 564 break between the two zones found around Yanbu, a trend that was supported by the distribution of the 565 haplotype frequencies along the gradient for each gene (Supplementary Figure S2) . In contrast, a lack of 566 association with northern and southern environmental provinces was found in members of RS_LinA, and 567 rather a clinal variation in haplotype frequencies was found across the gradient (Supplementary Figure  568 Figure S2) , which suggest that 616 the ancestor of RS_LinB was likely endemic of these regions, with the border of its distribution in the 617
Gulf of Aden. This lineage likely interbred with a lineage of broader distribution in the Indo-618
Pacific/Indian-Ocean at the periphery of its range, which is also a confluence between several marine 619 provinces: the Red Sea and Gulf of Aden, the western Indian Ocean, and Indo-Polynesian provinces, at 620 zone that have been shown to hold several hybrid species (DiBattista et al., 2015) . Moreover, the 621 phylogenetic position of Arabian Gulf haplotypes, which were placed in the same subclades of the 622
RS_linA specimens, implies that the hybrid expanded its range into the Arabian Gulf and into the Red where they showed the lowest abundance. Interestingly, as in our work with Stylophora, the reported 639 hybrids were found to be the result of intercrosses between endemic species, with restricted distribution 640 range in the Red Sea and Arabian Gulf, with species broadly distributed in the Indo-Pacific, and the 641 major parental species was at the limit of its distribution and almost absent from the Gulf of Aden area. 642 coupling recombination analyses, phylogenetic and phylogeographic patterns, suggest that mtDNA genes 651 may play a key role in adaptation to extreme environments in coral species. 652 653 Two genes, the atp6 gene and the mtORF gene showed high mutation rates and extreme variability in 654
the RS_LinB leading to amino acid and structural changes in their encoded proteins, particularly in the 655 mtORF (Banguera-Hinestroza et al. unpublished data). Interestingly, the atp6 gene is part of a group of 656 genes that are essential in releasing and controlling the proliferation of deleterious oxygen radicals 657
